Abstract Temporal variability of the internal tide has been inferred from the 23 year long combined records of the TOPEX/Poseidon, Jason-1, and Jason-2 satellite altimeters by combining harmonic analysis with an analysis of along-track wavenumber spectra of sea-surface height (SSH). Conventional harmonic analysis is first applied to estimate and remove the stationary components of the tide at each point along the reference ground tracks. The wavenumber spectrum of the residual SSH is then computed, and the variance in a neighborhood around the wavenumber of the mode-1 baroclinic M 2 tide is interpreted as the sum of noise, broadband nontidal processes, and the nonstationary tide. At many sites a bump in the spectrum associated with the internal tide is noted, and an empirical model for the noise and nontidal processes is used to estimate the nonstationary semidiurnal tidal variance. The results indicate a spatially inhomogeneous pattern of tidal variability. Nonstationary tides are larger than stationary tides throughout much of the equatorial Pacific and Indian Oceans.
Introduction
Baroclinic, or internal, tides are inertia-gravity waves at tidal frequencies which are generated by the barotropic tide at underwater topography [Garrett and Kunze, 2007] . In situ observations of internal tides using current meters or temperature profiles typically exhibit significant temporal variability [Magaard and McKee, 1973; Barnett and Bernstein, 1975; Weisberg et al., 1987] . In contrast to the variability of tides observed in situ, observations with satellite altimeters have found remarkable phase stability in the baroclinic tides as expressed in sea-surface height (SSH) [Ray and Mitchum, 1996] . Indeed, a significant fraction of the signal must be phase-locked (stationary) in order to identify it with the 10 day sampling of the TOPEX/Poseidon, Jason-1, and Jason-2 (T/P-J) altimeters [LeProvost, 2001] . The contrast between in situ and remotely sensed baroclinic tides is attributed to the sensitivity of measurements based on SSH, which preferentially filters out the higher modes [Hendershott, 1981] . This view is supported by observations using other measurement techniques that combine spatial and phase-averaging to yield phase-coherent baroclinic tidal signals [Dushaw et al., 1995] .
Nonetheless, there are good indications that low-frequency processes can modulate the low-mode internal tides and cause detectable changes in tidal SSH. Models of baroclinic tidal propagation that incorporate mesoscale variability find that even the fastest, mode-1, internal tide is affected, particularly with increasing distance from the source regions [Dunphy and Lamb, 2014] . Observations with diverse instruments, such as inverted echo sounders [Chiswell, 2002] , tide gauges [Colosi and Munk, 2006] , and altimeters [Ray and Zaron, 2011] , have been interpreted as exhibiting mode-1 baroclinic tidal variability.
When harmonic analysis is used, only the tidal signal that is coherent with the astronomical forcing over the entire analysis period can be identified, leaving unknown the tidal variability at time scales shorter than the analysis period. Although a near-global view of sea level is available from the T/P-J satellites after every orbit repeat period, the satellites are relatively inefficient at identification of the main semidiurnal tides. The problem, of course, is that the dominant tides are aliased to longer periods by the once-per-10 day sampling, so that it takes 60 days or more to identify semidiurnal tidal variability, and 3 years or more to stably separate the M 2 and S 2 constituents [e.g., LeProvost, 2001] .
again, only at specific sites [Ray and Zaron, 2011; Zhou et al., 2015] , or for spatial average tidal properties [Zaron, 2015] . Studies with numerical models suggest that tidal variability attributed to the mode-1 internal tide should be spatially variable and related to the mesoscale eddy field [Zaron and Egbert, 2014; Shriver et al., 2014; Ponte and Klein, 2015; Kelly et al., 2015] .
The objective of the present work is to answer the question posed in Ray and Zaron [2011] , ''How much tidal variability is missed by altimetry?'' There are three application areas which motivate the reconsideration of this question. First, for the forthcoming SWOT altimeter mission it will be necessary to remove baroclinic tidal signals in order to study small-scale geostrophically-balanced flows and achieve the science goals of the mission [Fu and Ferrari, 2008] . Satellite altimetry is essentially the only means available to map, nearly globally, the baroclinic tides for developing these models, and it is crucial to quantify the tidal signals not present in these maps [Dushaw, 2015; Egbert et al., 2012; Ray and Zaron, 2016; Zaron, 2014; Zhao et al., 2016] . Second, the low-mode baroclinic tide is the principal pathway through which energy lost from the barotropic tide is transferred to smaller scales in the deep ocean [Egbert and Ray, 2000] , so closing the tidal energy budget requires knowledge of both the coherent and incoherent baroclinic tide. And, lastly, the validation of high-resolution numerical models incorporating tides [Arbic et al., 2010] requires data on tidal processes for which there are no sources comparable to altimetry in its near-global coverage.
Identification of the Nonstationary Tide in the Wavenumber Domain
As described in Ray and Zaron [2011] , the wavenumber spectrum of SSH taken along a satellite ground track may be used to identify internal tides, which are evident as the bump in the power spectrum near the wavelength of the mode-1 internal tide. Figure 1 illustrates the basic idea using data from a satellite track in the Southeast Atlantic, a region of low mesoscale sea level variability. The wavenumber spectrum is here computed by averaging the Hann-windowed periodograms of SSH for the same 2000 km segment of each orbit cycle. Three versions of the spectrum are shown. In the first version, S 0 ðkÞ, the standard corrections for environmental path delays, mean sea level, sea-state bias, inverse barometer effect, solid earth tides, and barotropic ocean tides have been applied to the satellite range to obtain SSH. The peak at k M2 , the wavenumber of the mode-1 baroclinic M 2 tide, is evident. The second version of the spectrum, S 1 ðkÞ, is computed with SSH data from which an estimate of the mesoscale sea level anomaly (SLA) has been removed [Ray and Byrne, 2010; Ray and Zaron, 2016] . This spectrum is much flatter and makes the mode-1 tidal peak even more prominent relative to the background spectrum. Once the mesoscale SLA has been removed, the SSH records are harmonically analyzed within 6.6 km-bins along the average ground track [Ray, 1998; Carrère et al., 2004] , and these harmonic constants are used to further correct the SSH data by removing the stationary component of the tide at the M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , P 1 , and Q 1 frequencies (note that the mean sea level, Z 0 , and the M 4 overtide are also included in the analysis). The spectrum of the residual, S r ðkÞ, is now very flat, except for the bump around k M2 attributed to nonstationary semidiurnal tides.
Determination of the amplitude of the stationary and nonstationary mode-1 internal tide in this example is relatively straightforward. The stationary component consists primarily of the mode-1 baroclinic component, but it also contains a small component due to error in the barotropic tide model used for initially correcting the SSH data. The nonstationary component of the variance is hypothesized to be the variance associated with the bump which lies above the broadband continuum. Variance in the broadband continuum consists of ocean variability, instrument noise, and error in the corrections applied to the SSH. As there is no widely-applicable model for these processes, there is some subjectivity in estimating the broadband continuum in order to subtract it from the residual spectrum. The approach taken here is to estimate the broadband continuum with a model spectrum that is a greatest lower bound of the residual spectrum and compute variance by integrating between wavenumbers k 1 and k 2 bracketing the internal mode-1 wavenumber. The model spectrum is a straight line in log-transformed coordinates, S m ðkÞ5 S m k p , and coefficients S m and p could, in principle, be chosen so that S m ðkÞ passes through local minima of S 1 ðkÞ closest to k M2 .
When the residual spectrum is steeply sloped, this approach is unstable, and better results are obtained by first adjusting the spectrum to remove the large-scale trend by fitting a low-order polynomial to the logtransformed spectrum. Then, minima of the adjusted spectra are more stably identified, and S m ðkÞ is determined by the line passing through the minima on either side of k M2 . The minima defining ½k 1 ; k 2 are found by searching within a window from 33% below to 15% above k M2 . These bandwidth search limits were Journal of Geophysical Research: Oceans 10.1002/2016JC012487 chosen to allow the possibility of capturing variance from waves propagating nonparallel to the ground track, as well as variance at higher wavenumbers which might be present due to leakage from a sharp peak at k M2 . The wavenumber k M2 is computed by solving the Sturm-Liouville problem for the vertical modes over flat topography using climatological mean stratification [Ray and Zaron, 2016] .
For the example shown in Figure 1 the standard deviation of the stationary semidiurnal tide, computed as the sum of contributions from M 2 , S 2 , N 2 , and K 2 integrated over the ½k 1 ; k 2 wavenumber band, is r c 50:36 cm. This tiny value illustrates the precision with which the stationary tides may be estimated when the suite of corrections described above are applied (the formal standard error estimated from the harmonic analysis is about 0:1 cm). The standard deviation of the residual minus the model broadband spectrum is r i 50:48 cm when integrated over the same wavenumber band. This value of r i is taken as the estimate of the size of the nonstationary tide. The total semidiurnal band baroclinic tidal variance is, r 
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The above-described approach to inferring the nonstationary tide is based on the presence of an identifiable bump or excess of variance in the wavenumber spectrum. In some regions, no bump is visible (Figure 1c) . In order to see where this approach is applicable two metrics of the spectrum have been developed to discriminate the presence or absence of a bump. In both cases the M 2 band is compared with the white noise component of the spectrum, which is defined here by the spectral properties between k 52p=(30 km) and the Nyquist wavenumber k N 5p=(6.6 km). The first metric is the ratio of variance in excess of the broadband model versus the noise variance of the spectrum, B 2 5r
and r 2 is,
Note that the variance defined in equation (1), r 2 B , contains contributions from both the stationary and nonstationary tides. The second metric is the ratio of mean-square curvature of the log-scaled spectrum in the M 2 -band versus the noise curvature,B 2 5r 
As shown in Figure 2a , the quantity B is greater than one throughout much of the Tropical and Subtropical Pacific and Atlantic. Essentially all the main internal tide generation sites identified in previous satellite studies occur in areas where B > 1. In a large part of the Southern Ocean the B metric is very large, and closer inspection of the spectra in these regions finds that the transition from a flat-to steeply-sloped mesoscale spectrum occurs near k M2 (not shown). In this case the B metric is not a reliable indicator, and, instead, theB metric indicates that there is essentially no spectral bump associated with the semidiurnal internal tide in the Southern Ocean ( Figure 2b ).
In addition to the presence or absence of the spectral bump, there is a bias problem associated with the estimation of the coherent tide from noisy data, and this bias influences the apparent ratio of incoherent to coherent tidal variance. Because the in-phase and quadrature components of the coherent tide are estimated via least-squares, these quantities are un-biased by noise in the data; in other words, the harmonic constants estimated for a time series of pure noise will, on average, be zero. This is not the case, however, for the estimate of the coherent tidal variance (one-half sum of the squared in-phase and quadrature coefficients), this quantity is systematically increased (biased) by noise in the time series. Correcting the bias requires an accurate estimate for the noise, but the sampling variability of the noise variance estimate is generally too large to use it as a correction (cf., Figures 6 and 7 discussed below). Based on the formal error estimate, the average bias in r 2 c is approximately 0.04 cm 2 , but this is likely to exhibit strong geographic variations. Rather than use a spatially-constant value, the r 2 c estimates are left uncorrected, and it should be understood that the amplitude of the coherent baroclinic tides here are slight over-estimates. For typical signals of 1 cm or larger, the bias is inconsequential, but the interpretation of smaller signals will eventually require a more careful analysis.
Global Summaries
The above analysis of along track spectra has been conducted on track segments of length 2000 km centered on orbit crossover points using SSH data from the merged T/P-J missions. Data from other exactrepeat missions has also been analyzed using the same methodology (not shown), but the data quality and record length along the T/P-J reference orbit are superior to that of other missions, leading to much more accurate estimates of the coherent tides. By centering the analysis at crossover points, the results from Journal of Geophysical Research: Oceans 10.1002/2016JC012487 ascending and descending tracks can be averaged and conveniently plotted at each crossover point. An additional reason for emphasizing the comparison at crossover points is that independent estimates of the stationary tide are available along the ascending and descending tracks, and these provide a check on the resulting formal error estimates.
For reference, it is useful to begin by summarizing some results from the literature [e.g., Stammer, 1997] , but replicated using the statistics of the merged T/P-J records. Figure 3 shows the root-mean-square (rms) sea level variability computed by integrating the raw spectrum, S 0 ðkÞ, less the estimated noise, S 5r 2 =k N . SSH variability associated with the western boundary currents and the Circumpolar Current is prominent. The white noise component of the spectrum, r , is shown in Figure 4 . One observes more noise at higher latitudes associated with the storm tracks and higher significant wave height [Yale et al., 1995; Goff, 2009] . In these maps, and those below, individual colored dots are plotted at the crossover points according to the color scale shown. Contours are plotted by smoothly interpolating the crossover data onto a regular grid and then contouring these values. The contoured values coincide with the tick marks displayed on the color scale. Figure 5 shows the rms coherent tidal signal integrated over the semidiurnal waveband, ½k 1 ; k 2 , computed by summing the M 2 , S 2 , K 2 , and N 2 components. These spectra are equal to 1/2 the sum of the individual spectra of the in-phase and quadrature harmonic constants, so that an integral of the spectrum equals SSH variance. The variability is dominated by the M 2 component; although, all the semidiurnal constituents have been included since they cannot be separated in the nonstationary tidal estimate, presented below. Variability associated with the internal tide is prominent in association with the Hawaiian Ridge and the Aleutian Islands in the North Pacific, the Luzon Strait and the Mariana Trench in the Western Pacific, Tuomoto and the Solomon Sea in the South Pacific, the Amazon River Delta and the Azores in the Atlantic, and at When harmonic analysis is used to estimate the tide at each point along the satellite ground track, one of the outputs of the analysis is an estimate of the uncertainty of the harmonic constants [Carrère et al., 2004] , which is here estimated from the residual variance within a Rayleigh bandwidth around the aliased tidal frequencies. In this case, the 23 year long merged T/P-J record was used, so the variance near the tidal alias frequencies includes the nonstationary tide, residual nontidal variance not removed by the mesoscale correction, and variance from higher-frequency processes with aliases in the same tidal band. The map of the standard error shown in Figure 6 indicates that the noise in the harmonic constants is largely correlated with the overall level of sea level variability ( Figure 3) ; although, errors are much lower than they would be if the mesoscale correction had not been applied.
One noteworthy aspect of using an analysis focussed on orbit crossover points is that the uncertainty estimate from the harmonic analysis can be independently validated by comparing the harmonic constants from ascending and descending tracks. The ratio of actual to predicted error is, in theory, distributed like Student's t-statistic, a long-tailed distribution. In this case the median of the sample distribution is close to 1, which suggests that the estimated error is a valid estimate of the actual error. One-half the absolute vector error is shown in Figure 7 , equal to one-quarter of the sum of squared errors in the in-phase and quadrature components, for comparison with the formal error estimate. Some aspects of the spatial pattern of errors is similar, such as increased values in the Southern Ocean and western boundary current regions; but there are also some differences, such as larger values of the actual error along the west coast of North America, larger errors east of Madagascar, and generally larger values in the western Pacific. The reasons for these differences are not clear, but the residual variance within a Rayleigh bandwidth is based on a simple average [Daniell, 1946] over a bandwidth of 0:4 cyc=yr (15 Fourier bins). If the nonstationary tide is a significant contributor to the residual variance, the actual error might depend strongly on the bandwidth or statistics of the tidal modulations, making the formal error estimate inaccurate.
Lastly, Figure 8 shows the nonstationary internal tide computed by integrating S r ðkÞ2S m ðkÞ over the ½k 1 ; k 2 waveband. Recall that S r is the wavenumber spectrum of SSH corrected for all standard environmental and path delays, including barotropic and baroclinic coherent tides and mesoscale sea level variability, and S m ðkÞ is a simple model for the broadband (nontidal) SSH spectrum. The nonstationary tidal variance is then defined as r 
The principle features of the nonstationary tide are a large regional maximum in the western equatorial and south-tropical Pacific, and smaller-scale maxima associated with the Amazon River plume, the Bay of Bengal, the Philippine Sea, and the region north of Madagascar. The spatial pattern has some similarity with the pattern of the coherent internal tide ( Figure 5 ), but important differences. The stationary internal tide is very small in the western equatorial Pacific, where the nonstationary tide is large. The stationary tide is large near the Hawaiian Ridge and Polynesia, but these regions are less prominent on the nonstationary tide map. It is also noteworthy that the nonstationary tide is not particularly large in regions of highest SSH variance ( Figure 3) ; although, this may be because the mesoscale is strong enough to effectively obliterate or mask the mode-1 tidal wavenumber peaks in these regions (Figure 2 ). 
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Figure 8 provides a provisional answer to the question originally posed concerning the size of the nonstationary internal tide missed by harmonic analyses of altimeter data. Not surprisingly, the size of the nonstationary tide is spatially variable, much like the stationary internal tide. The size of the nonstationary tide is typically smaller than its stationary counterpart; although, there are significant exceptions to this generalization. The fraction of the mode-1 baroclinic semidiurnal variance associated with the nonstationary component is shown in Figure 9 . The variance ratio, f i 5r 
Regional Examples
Geographic variations in the tidal properties and the broadband nontidal spectrum are large, and it is difficult to assimilate the above near-global summaries without specific examples. The purpose of this section is to review in detail the along-track tidal analyses and wavenumber spectra from a range of sites with different attributes.
The Southeast Atlantic
As already mentioned, the southeast Atlantic Ocean is a region of characteristically low rms SSH variability, less than 5 cm (Figure 3) , and, because of the small significant wave height, a low altimeter noise floor (Figure 4) . Figure 10a plots the M 2 harmonic constants at each point along track, illustrating in the spatial domain the peak of tidal variance associated with the k M2 wavenumber. The SSH spectra (S 0 , S 1 , and S r ) shown in Figure 10b partially repeat the content of Figure 1 , but using the same y-axis range as subsequent Figure 7 . The absolute vector error (centimeters) of the M 2 harmonic constants as determined by differencing independent estimates from ascending and descending orbit tracks. The absolute vector error is defined to be comparable with the formal error estimate in Figure 6 . 
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plots to facilitate comparison. Figure 10c shows adjusted spectra, S 1 2S m and S r 2S m , to illustrate the prominence of the spectral peaks relative to the broadband spectrum S m . Figure 10c also shows numeric values of the rms variability of the total (r t ), stationary (r c ), and nonstationary (r i ) components of tidal variability computed over the ½k 1 ; k 2 waveband, and, in parentheses, the same quantities computed by integration over the fixed bandwidth ½0:67; 1:15k M2 . The x-axis indicates these wavebands with gray shading and a dashed line, respectively, and the theoretically-predicted value of k M2 is shown with the black triangle.
The purpose of tabulating the rms tidal variabilities using the different bandwidths of integration is to provide some indication of the uncertainty of these quantities as a function of the bandwidth. In cases such as shown in Figure 10 , the uncertainty is low since the bump in S 1 is unambiguous, and k 1 and k 2 are welldefined local minima.
The Northwest Atlantic
The northwest Atlantic Ocean is a region of characteristically high rms SSH variability, greater than 20 cm (Figure 3 ), and with conditions very different from the Southeast Atlantic. The along-track harmonic analysis finds M 2 tidal signals that are barely larger than the formal error bars (Figure 11a) , and the actual error diagnosed from ascending and descending tracks is much larger (Figure 7 ). As expected under these conditions, there is no internal tide peak visible in the wavenumber spectrum (Figure 11b ). 
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The Coral Sea
The Coral Sea provides an example of a region with moderate mesoscale variability which would normally mask the spectral bump due to tides if it were not for the mesoscale correction. The region is also interesting because the along track tidal analysis removes variance at scales significantly longer than the mode-1 wavelength (Figures 12a and 12b ). Presumably this is associated with internal tides propagating at different angles to the ground track. The change in wavelength between the north and south part of the track (Figure 12a) indicates the spatial variability of the internal tide properties. Both of these attributes are consistent with in situ observations in this region [Wolanski and Pickard, 1983; Boettger et al., 2015] .
The variance under the mesoscale-corrected spectrum is visibly reduced by subtraction of the coherent tide along this track (Figure 12b ). The curvature of the residual S r spectrum makes it difficult to justify any particular choice of model for the broadband continuum but it is evident that nonstationary tides are either very small or distributed over a wide bandwidth (Figure 12c ).
The Mascarene Ridge/Seychelles-Maritius Plateau
Some of the largest internal tides in the world are generated on the flanks of the Mascarene Ridge in the Western Indian Ocean [Konyaev et al., 1995; Morozov and Vlasenko, 1996] . At the edge of the ridge, the seasurface expression of the internal tide is nearly 10 cm (the peak-to-peak range of the in-phase component in Figure 13a exceeds 5 cm). Like the Coral Sea, this is a region in which the coherent tidal correction removes variance at a wide range of wavelengths. Part of the correction may be attributed to the barotropic Figure 11 . Northwest Atlantic, a region of high mesoscale SSH variability (pass #100, 41 N-62 W). Plots as in Figure 10 . Note that S r nearly overlaps S 1 in Figure 11b due to the small size of the coherent tide. Figure 12 . Coral Sea, a region with moderate mesoscale (pass #10, 17 S-159 E). Plots as in Figure 10 .
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tide, but it may also be that the sea-surface signal is the result of strongly coupled or directly forced modes, rather than freely-propagating baroclinic waves. Once again, the residual spectrum, S r ðkÞ, is not smooth enough to justify a particular model for the nontidal broadband, but it is clear than the stationary tide is much larger than the nonstationary tide at this site (Figures 13b and 13c) 
The Bay of Bengal
The Bay of Bengal provides an example of a region where nonstationary tides are much larger than stationary tides. The M 2 harmonic constants are barely larger than the formal error estimate (Figure 14a ), and the power spectrum is not visibly reduced by subtracting the stationary tide (Figure 14b ). Tides in the region exceed 1 m at the coast [Murty and Henry, 1983; Sindhu and Unnikrishnan, 2013] , and significant interactions between tides and storm surges occur here [Antony and Unnikrishnan, 2013] . It might be speculated that the tidal nonstationarity is caused by nonlinear interactions of the barotropic tide with nontidal processes; however, the power spectrum is very clearly peaked at k M2 and suggests that quasi-linear internal tides are responsible for the variability. Internal tides in the Eastern Bay of Bengal, and much of the Northern Hemisphere Indian Ocean, are dominated by the nonstationary component, suggesting that this region would provide a good case study for investigating the dynamics and time scales of the nonstationary tide.
The Western Equatorial Pacific
One conspicuous feature of previous analyses of the internal tides from altimetry is the apparent dissipation of internal tides radiated southward from the Hawaiian Ridge and northward from the Tuomoto Figure 13 . Seycheles-Maritius Plateau, a region with some of the largest stationary baroclinic tides in the world (pass #144, 17 S-60 E). Plots as in Figure 10 . Figure 14 . The Bay of Bengal, a region with large nonstationary internal tides (pass #53, 13 S-88 E). Plots as in Figure 10 .
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Archipelago . Analyses of internal tides at 156 E in the western equatorial Pacific have reported large amplitude and variable internal tides propagating from the nearby sites [Gourdeau, 1998 ].
Further to the east, there is a large area of the western equatorial Pacific in which nonstationary tides are as large or larger than stationary tides (Figure 8 ). Figure 15 illustrates typical features of this region. The stationary baroclinic tides are not much larger than the standard errors (Figure 15a ), but the signal is coherent along-track, and it is clearly associated with the mode-1 wavenumber (Figure 15b ). The spectral bump associated with the nonstationary tide stands out well above the broadband continuum in this region, but even here the relative fraction of nonstationary variability is sensitive to the bandwidth of integration (Figure 15c ).
Discussion
The above estimates of the nonstationary tide were limited to analysis of semidiurnal tidal frequencies and wavenumbers associated with the mode-1 baroclinic tide. Systematic analysis of diurnal tides is problematic because the signal is generally smaller than in the semidiurnal band and it coincides with a more energetic part of the mesoscale spectrum. Nonetheless, as mentioned in Ray and Zaron [2011] , there are clearly some sites where diurnal band modulations can be identified. The restriction to the mode-1 semidiurnal wave band has also excluded both barotropic and higher-mode baroclinic tidal variability; although, it is conceivable that some mode-2 diurnal variability overlaps in this band. In any event, the maps of the nonstationary tide presented here should be regarded as a lower bound on nonstationary tidal variability.
There are several sources of systematic uncertainty that might bias the estimates of nonstationary tidal variability. For example, if the amplitude of the nontidal broadband spectrum is over-estimated by the model, S m ðkÞ, it would lead to a systematic under-estimation of the nonstationary tidal variance. If the nontidal spectrum consists entirely of a steeply-sloped spectrum, e.g., k 23 or k 211=3 associated with geostrophic or surface quasi-geostrophic turbulence, respectively [LeTraon et al., 2008] , then the nonstationary variance may be greatly under-estimated. Alternately, it is conceivable that the broadband spectrum results from quasi-linear internal gravity waves (k 22 , LeTraon et al., 1990) or stratified turbulence (k 25=3 , Kitamura and Matsuda, 2006) . In these cases, the nonstationary tide inferred from the wavenumber spectrum would not be grossly under-estimated. Other models for the broadband nontidal variance were also examined (not shown) [Fu, 1983; LeTraon et al., 1990; Stammer, 1997; Glazman and Cheng, 1999; LeTraon et al., 2008; Xu and Fu, 2011] , but parametric fits to S 0 ðkÞ with a prescribed theoretical form were generally not satisfactory. Regression of S 1 ðkÞ or log-S 1 ðkÞ using low-order polynomials over the spectrum both above and below the wavenumber bump are more satisfactory, but tend to be sensitive to the curvature of the spectrum in the mesoscale range, leading to unstable estimates for variance in the tidal band. It seems likely that different processes are responsible for the nontidal spectrum in different regions [Xu and Fu, 2011] . Another potential source of error in the present approach is tidal contamination of the mesoscale correction. The 2014 version of the Ssalto/Duacs multisatellite gridded sea-level anomaly (SLA) product contains a signal indistinguishable from the alias of the mode-1 baroclinic M 2 tide [Ray and Zaron, 2016] . The rms magnitude of the signal exceeds 0:5 cm at some locations and presents a problem for analysis of internal tides in altimetry data collected since 2014. To ameliorate this problem a filtered version of the 2014 SLA product was prepared which reduces tidal contamination to roughly the same level as in the older product. The filtering is implemented as a symmetric auto-regressive time filter with 60 day half-power point [Bennett, 2002, pp. 65-66] combined with a spatial filter with 170 km correlation scale [Mirouze and Weaver, 2010] . The internal tide contamination in the filtered version is reduced to a negligible level for the present study, but further study is needed to examine tidal contamination near coasts and at high latitudes.
It is interesting to compare the map of nonstationary semidiurnal variability (Figure 8 ) with a similar map of the baroclinic M 2 variability from Carrère et al. [2004] . The latter was computed from changes in the M 2 harmonic constants determined from nonoverlapping, but consecutive, 3 years. periods of TOPEX/Poseidon data. The present analysis is based on a longer record and includes the mesoscale correction, so the over-all noise level of the harmonic constants is much lower. Even allowing for this, the older work shows an absence of variability connected to the Amazon River Plume, the Tropical Pacific, and the Bay of Bengal. The conclusion from this comparison is that much of the variability of the internal tide occurs on time scales shorter than 3 years, which is certainly consistent with diverse in situ observations [e.g., Zilberman et al., 2011] .
Shriver et al. [2014] analyzed the variability of internal tides in a global ocean model that resolved both tides and mesoscales. Their results do include the short-time-scale variability that arises from tidal propagation through a broadband mesoscale background, and the graphical summary of tidal variability in the model [Shriver et al., 2014, Figure 2b] appears to agree well with Figure 8 .
Zaron [2015] used data from Jason-2 and CryoSat-2 crossovers to infer the properties of the nonstationary tide, averaged between 655 latitude and restricted to water depths greater than 3000 m, and found that the nonstationary tide accounted for approximately 30% of total tidal variance. When the r 2 c and r 2 i fields in Figures 5 and 8 are averaged over the same domain, it is found that the nonstationary tide accounts for 44% of the total. The technique used in Zaron [2015] relied on a frequency domain analysis combined with spatial averaging, while the present analysis has focussed on analysis in the wavenumber domain. The two approaches are essentially orthogonal, and there are a few reasons which might explain the different estimates for nonstationary versus total tidal variability. First, in Zaron [2015] it was impossible to separate the barotropic and baroclinic components of SSH variability, and the estimate for the stationary tidal variance there includes an unknown barotropic contribution from the smaller and more uncertain semidiurnal tides (l 2 , S 2 , L 2 , and N 2 ). The better exclusion of the barotropic component in the present analysis leads to smaller estimates of the stationary tide and a larger nonstationary fraction. In addition, the nonstationary component of the variance in that study was estimated by extrapolating a rather noisy time-lagged autocovariance towards zero, and it was restricted to lags shorter than 60 days. While the present approach is also uncertain with respect to the definition of the nonstationary tide, due to uncertainty in the model of the nontidal broadband spectrum, it is based on 23 years of altimeter data and includes nonstationarity at a much larger range of time scales. Based on these factors, it is hard to conclude that the difference between the results is significant.
Summary
An analysis of the wavenumber spectrum of SSH has been combined with a tidal analysis of the stationary tide in order to map the nonstationary mode-1 baroclinic semidiurnal tide over the oceans. In order to do this, it was assumed that the nonstationary tide is dominated by freely-propagating wave components with wavenumber given by the dispersion relation for linear internal waves. The stationary tide was estimated by ordinary harmonic analysis at each point along the satellite ground track, and the residual variance within a waveband surrounding the theoretically-predicted mode-1 wavenumber was used to estimate the nonstationary tidal variance. In addition to the nonstationary tide, the residual variance contains contributions from broadband nontidal processes and noise, and the variance of these processes was estimated from a Both the stationary and nonstationary internal tides exhibit considerable spatial variability. In midlatitude western boundary currents, and in much of the Southern Ocean, there is no discernible bump in the spectrum associated with the mode-1 internal tide. A bump in the spectrum is evident throughout much of the subtropics and equatorward, and in these regions, it is possible to make a plausible estimate for the nonstationary tide using the approach described. The nonstationary baroclinic tide is larger than the stationary component in almost all of the equatorial oceans, except for the eastern equatorial Atlantic.
The average ratio of nonstationary to total semidiurnal internal tide variance is 44%, a value somewhat higher than has been estimated previously. The spatial pattern of the nonstationary tide appears to agree well with present-generation numerical models [Shriver et al., 2014] .
Numerous studies have sought to rationalize open ocean tidal energetics as a balance between energy conversion from barotropic to baroclinic tides and the subsequent propagation and dissipation of the baroclinic tides [e.g., Buijsman et al., 2016] . The former is well-determined by altimetry data incorporated in data assimilative barotropic tide models [Egbert and Ray, 2001] . Energy transported and dissipated by the baroclinic tide is less well determined, and the present study provides an empirical estimate for the size of the nonstationary component of the mode-1 semidiurnal tide which ought to be included in energetic budgets. The 44% fraction attributed to nonstationary tides is a measure of SSH variance, which is directly comparable to internal tide potential energy. Interpreted naively, existing altimeter-derived baroclinic tide energy flux estimates ought to be inflated by a factor of 1=ð120:44Þ to account for the energy flux of the nonstationary tide. This would be too crude, though, as the nonstationary fraction is apparently much smaller near the Hawaiian Ridge and other generation sites where the baroclinic energy flux has actually been estimated [Ray and Cartwright, 2001; Merrifield and Holloway, 2002; Zaron and Egbert, 2014] . More recent work around Luzon Strait, in the Philippine Sea and South China Sea, finds that the nonstationary tide is substantial [Kerry et al., 2016] . Based on Figure 8 , it may be predicted that the nonstationary component is significant or dominant in the tidal energetics of the Indian Ocean, the western equatorial Atlantic, and much of the equatorial Pacific. Figure 8 is a useful guide for assessing where SSH observations from the upcoming SWOT mission will likely be contaminated by nonstationary tides. The variability shown in the figure is the square root of SSH variance, which corresponds to tidal amplitude a factor of ffiffi ffi 2 p larger, so the peak-to-peak signal would be 2 ffiffi ffi 2 p times larger than that displayed. Over much of the oceans the SSH variability attributed to nonstationary internal tides is less than 0:5 cm, or 1:4 cm peak-to-peak tidal contamination. However, the regions with larger nonstationary tides will have peak-to-peak signals in the 2-3 cm range. Interpretation of SWOT SSH observations in terms of geostrophic or balanced dynamics will likely require a nuanced approach that accounts for regional variability of tidal internal wave contamination and submesoscale dynamical balances.
